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Abstract—There is a need for charging electric vehicles (EVs)
wirelessly since it provides a more convenient, reliable, and safer
charging option for EV customers. A wireless charging system us-
ing a double-sided LCC compensation topology is proven to be
highly efficient; however, the large volume induced by the compen-
sation coils is a drawback. In order to make the system more com-
pact, this paper proposes a new method to integrate the compen-
sated coil into the main coil structure. With the proposed method,
not only is the system more compact, but also the extra coupling
effects resulting from the integration are either eliminated or min-
imized to a negligible level. Three-dimensional finite-element anal-
ysis tool ANSYS MAXWELL is employed to optimize the inte-
grated coils, and detailed design procedures on improving system
efficiency are also given in this paper. The wireless charging system
with the proposed integration method is able to transfer 3.0 kW
with 95.5% efficiency (overall dc to dc) at an air gap of 150 mm.

Index Terms—Coil design, electric vehicle (EV) charging, wire-
less power transfer (WPT).

I. INTRODUCTION

OR centuries, engineers are seeking to transfer power wire-

lessly [1]-[5]. Nowadays, wireless power transfer (WPT)
technology is widely used in powering biomedical implants,
tooth brush, cell phones, laptops, and even plugin hybrid elec-
tric vehicles (PHEVs) and electric vehicles (EVs). The power
level ranges from several milliwatts to tens of kilowatts [6]-[16],
[18]-[21]. The inductive-based wireless charging for PHEV's
and EVsis highly acknowledged since it provides a more conve-
nient, reliable, and safer charging option compared to conductive
charging. The research in this field is of a great variety, such as
coil design, power electronics converters and control method,
compensation topologies, foreign object detection, and safety
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issues. Among them, coil design and compensation topologies
are two main research areas.

Coils are the essence of an inductive-based wireless charg-
ing system. They determine the power transfer capability and
transfer efficiency. One important property of the coils is the
geometry as it closely relates to the coupling coefficient of the
coil structure and the quality factor of each coil. Budhia ez al. [8]
give the design and optimization procedures for circular coils
and demonstrates a 2 kW 700-mm diameter pad. Takanashi et al.
[9] present a flux-pipe coil structure and claims that a charging
system can transfer 3.0 kW power with 90% efficiency at an air
gap of 200 mm. However, the flux-pipe coil conducts double-
sided flux paths and one of the flux paths is wasted. In order to
solve this problem, a bipolar coil structure is developed in [10].
The bipolar coil structure offers high efficiency and good mis-
alignment tolerance. An 8 kW wireless charging system is built
and tested in [11]. With the optimized bipolar coil structure, the
charger can transfer power with 95.66% efficiency when fully
aligned and 95.39% efficiency with a 300 mm horizontal mis-
alignment. More recent research on coil design can be found
in [22]. The researchers embed a coplanar coil into the primary
coil system to improve the overall coupling of the system, which
increases the efficiency with the SS compensation topology.

Compensation topology is another important aspect in a wire-
less charging system as it increases the power transfer ability,
minimizes the VA rating of the power source, and helps achieve
soft switching of the power electronics devices [23]. There are
four basic compensation topologies: SS, SP, PS, and PP where
the letters “P”” and “S” stand for the way how the resonant capac-
itor is connected to the coil, i.e., “P” represents parallel connec-
tion and “S” represents series connection. More advantageous
compensation topologies are put forward in [12] and [13]. The
double-sided LCC compensation topology is outstanding since
not only is its resonant frequency independent of coupling co-
efficient and load condition, but also it is highly efficient [13].
However, one drawback of the double-sided LCC compensation
topology is its large volume due to the compensated coils.

To overcome the volume limitation, Li ef al. [14] first put
forward the idea of integrating the compensated coil into the
main coil system. The authors integrate a bipolar compensated
coil into a bipolar main coil system. As it is shown in Fig. 1,
five extra coupling effects appear after the integration and the
coupling effect of the two coils at the same side of the wireless
charging system are studied. A 6 kW wireless charging system
with 95.3% efficiency was designed and tested in [14]. Further
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Fig. 1. Double-sided LCC compensation topology with compensated coils’
integration.

detailed analysis on both the coupling effect of the same-side
coils and the coupling effect of the cross-side coils can be found
in [15] and [16]. The study in [14]-[16] successfully make the
system more compact and highly efficient; however, the method
of integration complicates the design of a wireless charging
system using double-sided LCC compensation topologies.

In order to simplify the design and analysis while keeping
the advantages of compactness and high efficiency, this paper
proposes a new integration method for a wireless charging sys-
tem using LCC compensation topology. In this method, the five
extra coupling effects are either eliminated or minimized to a
neglected level, which greatly simplifies the design and analysis.
Additionally, a new method of improving system efficiency is
given. Consequently, the system keeps outstanding performance
and is able to deliver 3.0 kW power with 95.5% dc—dc efficiency
at an air gap of 150 mm.

II. ANALYSIS

The double-sided LCC compensation topology is proven to
be highly efficient for WPT applications in EVs and plug-in
EVs [13]-[16]. Fig. 1 shows a wireless charging system us-
ing the double-sided LCC compensation topology. The dc input
is transformed to a high frequency ac power by a full-bridge
inverter, which is formed by MOSFET switches S;—S;. On the
transmitting side, also known as the primary side, L1, C/1,
C1, and L constitute the primary resonant tank, which is tuned
to have a resonant frequency the same with the switching fre-
quency of the full-bridge inverter. The high frequency ac power
resonates in the primary resonant tank. On the receiving side,
which is also called the secondary side, Lo, Cra, Co, and Ly
make up the secondary resonant tank. In order to receive power
from the transmitting side, the secondary resonant tank also has
the same resonant frequency. Since there is no wire connection
between the transmitting side and the receiving side, the high
frequency ac power is transmitted wirelessly through the main
coupling between the main coils L; and L,. Afterwards, it is
converted back to dc by the rectifier consist of four diodes D;—
D,. After being further filtered by the CL-filter, the power is
qualified to charge the battery packs.

As can be seen from Fig. 1, a double-sided LCC compen-
sation topology involves four magnetic components: Ly, Ly,
Ly, and Lo where L; and L are the main coils while Ly and
L5 are the compensated coils. Ly, and Lo are air-core induc-
tors; however, the large dimension of air-core inductors is not
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practical in reality. In order to make the system more compact,
we propose to integrate the compensated coils into the main
coil system. Once they are integrated, extra couplings appear.
As shown in Fig. 1, six couplings exist and the coupling co-
efficients are chosen to represent their coupling effects, where
“k” stands for the coupling coefficient between the main coils
L, and Ly while “ky; 2" represents the coupling coefficient be-
tween compensated coils Ly and Lyo; “kyf1” is the coupling
coefficient between L; and L¢; and similarly, “ks 9™ is the cou-
pling coefficient between Ly and Lo, “kif1” and “koso” refer
to the same-side coupling coefficients; “ki ;2" and “kosi” are
the coupling coefficient between L, and L», the coupling co-
efficient between Ly and L1, respectively, “k; 2™ “and koyi”
are also known as cross-side coupling coefficients. Moreover,
in Fig. 1, the main coupling coefficient k is represented by a
solid line while the other five is in dashed or dash-dot lines.
WPT relies on the main coupling to transmit power wirelessly
between the transmitting side and the receiving side; therefore,
the main coupling between L; and L, is of great significance
and the other five couplings are redundant. The goal is to max-
imize the main coupling and eliminate the five extra couplings
or minimize their coupling effects to a negligible level.

Fig. 2 presents the proposed integrated coil structure. Bipolar
coils are selected as the main coils L; and Ly, because of the
outstanding performance and good misalignment tolerance [11].
Due to the onboard space limitation, the size of the secondary
side is smaller than that of the primary side. Unipolar coils
are chosen for compensated coils Ly, and Ly,. Since both the
primary side and the secondary side have similar coil structures,
analysis will be first focused on one side. On the primary side, the
bipolar coil L; performs as a magnetic dipole and the magnetic
flux excited by L; passes through the compensated coil L.
The amount of the magnetic flux can be expressed as v f1

Yif1 = //Bl 'ds,fl (D

where “B;” stands for the magnetic flux density and “Sy;”
represents the area of the primary compensated coil L. The
compensated coil is placed in the center of the coil structure in
a different layer. As a main characteristic of a magnetic dipole,
the magnetic flux it excites is symmetrical in space; therefore,
the amount of the magnetic flux flows into the compensated coil
equals to that flows out of it. As a result, the net magnetic flux
passing through Ly, is zero. Since 1)y, is zero, the coupling
coefficient is zero so the coupling effect is eliminated

[y
kifp =4/ —————=0 2
i Y11vy1r1 @

where 111 is the amount of magnetic flux excited by L passes
through Li, 11 and vy ¢, represent the amounts of their self-
magnetic flux. Similarly, the net amount of magnetic flux which
is excited by Ly and passes through L5 is zero so the coupling
coefficient ky 9 is zero. Moreover, the net amount of magnetic
flux which is excited by L, and passes through Ly is zero
and the net amount of magnetic flux which is excited by Lo
and passes through Ly is also zero. The coupling coefficients
of cross-side coils ko and koyi are both zero. When fully
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aligned, the four coupling effects are eliminated. Furthermore,
when misalignment between the primary side coil structure and
the secondary side coil structure occurs, the four inductance
values almost do not change. Since the relative positions of the
same-side coils are fixed, the same-side coupling coefficients
kiy1 and ko po are still zero. Though the relative positions of
the cross-side coils change, the cross-side coupling effects can
be neglected. It is because the compensated coil inductance
values are multiple times smaller than the main coil inductance
values and the air gap between the main coil and compensated
coil is considered large when compared with coil dimensions.
Additionally, the coupling coefficient k¢ s can be minimized
to a negligible level by 3-D finite-element analysis (FEA) tool
when fully aligned, which will be discussed in next section.
When misalignment occurs, kriyo will be further decreased
because the relative positions of the compensated coils change.

The five extra coupling coefficients are either eliminated or
minimized to a negligible level; the following analysis will be
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only focused on the main coupling coefficient k between L
and L. The input dc voltage is converted to a square wave
voltage of a designed frequency and enters into the primary
resonant tank, where the voltage and its resulting current res-
onate at the resonant frequency. The resonant tank also serves
as a filter and almost all high-frequency components are fil-
tered out. Therefore, first harmonic analysis is applied in an-
alyzing the double-sided LCC compensation topology. Here,
“vac” 1n (3) refers to the fundamental component of the square
wave voltage. Furthermore, the battery pack is considered to
be a constant voltage source when designing the circuit. Since
the output power is constant, the battery pack is modeled as
a load resistor 7y, in (4). The root mean square (rms) output
current of the double-sided LCC compensation topology is con-
stant once the input voltage is fixed. Therefore, the load resistor
can be converted equivalently to R, at the input side of the
rectifier [17]
2v2

Vpe = ——Vin 20° (3
T
V2
R — out 4
L= B “4)
8 8 V2,
= Ry = Jout 5
Feq 2 R 72 Pout )

InFig. 3, Ly, resonates with C'y; and as aresult, #; is constant
once v, is fixed. “jwMi;” can be treated as a constant voltage
source for the secondary resonant tank. Co is chosen to com-
pensate L, such that the series impedance of Ly and Cs is equal
to that of Lsy. Ly and Cy resonate with C,. Therefore, the
output current %9 is also constant, which is desired for battery
charging

1

Li — = 6

wlLyy oCr (6)
1 1

Lo — — — =0 7
whe wCQ wa2 ( )
. Vac 2\/5 Vin

- AL Z —90° 8
" ju]Lfl m wal ( )
. kvVILiLovee  2V2 kyVIiLyViy o
ify = — - - /—90°.  (9)

]walLfQ m walLfQ

As can be seen from (9), the output current 7 ¢ lags the input
voltage v, by 90°. Therefore, the voltage v, in Fig. 3, which
is defined as the voltage at the input side of the rectifier also
lags v,. by 90°. Due to the symmetry of the double-sided LCC
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compensation network, Ly, resonates with C'y» while L; and
C; are combined to resonate with C'q

1
Ly — =0 10
wlhigs oCrs (10)
1 1
L — — — = 0. 11
Wi w01 chl 0 ( )

By substituting (6), (7), (10), and (11) into the impedance
equations, the secondary-side impedance Zg.., the reflected
impedance Z,.¢;, and the input impedance Z;,, can be simplified
as follows:

Zsee = jwlL - ; jwlL R,
) e 2+ij’2 JwCly IGwLp + Rea)
w2 L?
f2
= = (12)
Req
—jwMi 2M2
Zrcfl = jw 12 = @ y M=k LlLQ (13)
11 Zsec
Z-*wLJr1 'wL+1+Z-
in = J f1 ijf1 J 1 j(/JCl refl
212 2
w LflLf2 a4
M2R.,

where M in (13) represents the mutual inductance between L;

and L. In this lossless analysis, the input power equals to the

output power. Therefore, the expression of the system power is

given by

Vac,rRus
Z

o 8k\/ LILQVEHVLut
o 7T2wa1Lf2 '

—Pin = Pout = ‘ . VAC,RMS

(15)

The voltage at the input side of the rectifier v,, the input
current 71, and the current in the secondary main coil i, can be

written as
2v/2

Vo = Zf2 ' Req = T‘/Z)uté —90° (16)
‘ kVLiLyv,  2v2 kVIiLyVour .0
] = —= = - — Z0° (17)
JwLgiLyo T JwLgi Lo
. Vo 2\/§ Vout
= — = . Z0°. 18
2 ijfQ ™ waQ ( )

From (3), (9), (16), and (17), it is obvious that v,. is in
phase with i7; and v, is in phase with 7. Zero phase angle
is achieved and no reactive power is needed from the power
source. Moreover, v, leads v, by 90° and the energy resonates
between the primary side and secondary side back and forth.

III. DESIGN PROCEDURES

A. Main Coil Simulation

Based on (15), the coupling coefficient k between the
main coils L; and L is closely related to the power trans-
fer ability of a WPT system with the double-sided LCC
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Fig. 4. (a) Overview of the main coil structure and (b) coupling coefficient k
with different coil widths.

compensation topology. The value of k depends on the coil
geometry. Therefore, once the dimensions of the coils are fixed,
it is preferred to maximize k by changing the coil widths in
both the primary and the secondary sides. Since the application
is for passenger EVs, the space is quite limited on the vehicle.
So, the receiving coil installed on the car is better to be smaller
than the transmitting coil placed on the ground. Fig. 4(a) shows
the overview of the proposed main coil structure. We decide to
choose the dimension of the transmitting coil at the primary side
as “600 mm * 450 mm * 4 mm” and that of the receiving coil
at the secondary side as “400 mm * 300 mm * 4 mm.” Ferrite
plates and aluminum shields are used for magnetic and electric
shielding. They are also made successively larger to provide the
needed shielding effects. The primary side ferrite plate has a
dimension of “640 mm * 496 mm * 8§ mm” while the secondary
is “480 mm * 352 mm * 8§ mm.” Aluminum shields are modeled
with a primary dimension of “711.2 mm * 558.8 mm * 2 mm”
and a secondary dimension of “508 mm * 406 mm * 2 mm.” As
shown in Fig. 4(a), there are two design variables: the primary
coil width and the secondary coil width. By varying the two
variables, the coupling coefficient k£ can be maximized. In our
case, kmax is 0.1764 with the primary coil width of 112 mm
and the secondary coil width of 48 mm. Fig. 4(b) shows the
simulation results.

B. Main Coil Winding and Measurement

Two design requirements must be met: 1) the designed res-
onant frequency is 85 kHz; and 2) the maximum efficiency is
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achieved at the desired output power. Additionally, there are
eight components in the double-sided compensation topology.
If each component has a little variance from the designed value,
it will be hard to meet the two requirements at the same time.
Therefore, it is highly recommended to build and measure each
component right after simulation.

C. Optimization of Ly and Ly at Maximum Efficiency

According to (15), once the resonant frequency, the system
power, the main coupling coefficient, and the inductance values
of the main coils are determined, the product of the compensated
coil inductance values is fixed. A number of combinations could
contribute to the same product and it is desired to optimize
the values based on the efficiency curve of the system. The
system is required to achieve the highest efficiency at the desired
output power and the compensated inductance values can be
optimized at that point. Once the output power is fixed, the
system efficiency is determined by the power loss, which is
closely related to the equivalent series resistance (ESR) of each
component. The ESRs of the inductors can be calculated by
their quality factors and inductance values and the ESRs of
the capacitors rest with their dissipation factors. We can write
expressions for the ESRs as

wly wly wLygy
Ri= Z4 Ry=“2 Ry = R
' Q1 Qs n Qn Iz
wag
— (19)
Q2
Rc1 = DF L Rco = DF !
Ccl1 — jWC1 ) 2 — jWCQ
1
R = DF-|———|,R =DF - |- 20
Cf1 ‘jWCfl Cr2 7oCra (20)

where Q1, Q2, @1, and Qs> stand for the quality factors of
Ly, Ly, Ly, and Ly, respectively. O and O, can be measured
by LCR meters since they have already been built in the last
step. Q71 and Q2 can be approximated at 200 based on their
inductance values, which are multiple times smaller than the
main coil inductance values. DF is the dissipation factor of the
capacitors. Once the compensated inductance values are given,
the capacitance values can be calculated by (6), (7), (10), and
(11). In this paper, SPT series polypropylene and foil resonant
power supply capacitors from Electronic Concepts are used and
its DF is claimed to be 0.05%.

Fig. 5(a) and (b) shows the circuit diagram with ESRs added
into the system. The system is divided into primary side cir-
cuit and the secondary side circuit. Therefore, the efficiency
analysis can be done separately. The overall efficiency is the
product of primary-side circuit efficiency 7,,; and secondary-
side efficiency 7y . On the secondary side, 7. is the product of
Ms1,Ms2, and ng3. As shown in Fig. 5(a), ns1 refers to efficiency
of block 1, which is the ratio of the real power obtained by the
load over the real power entering into block 1; 7,2 is defined as
the efficiency of block 2, which is the ratio of the real power
entering into block 1 over the real power absorbed by block 2;
7s3 is efficiency of block 3, which is the ratio of the real power

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017

— + - = block5
—— — block6

(b)

Fig. 5. Circuit diagrams with ESRs: (a) secondary side and (b) primary side.

absorbed by block 2 over the real power transferred from the
primary side of the circuit. The expressions of 751, 752, and 743
are given by

Req
Ms1 Req ¥ sz ; Ns2
2
’Rcfg + ﬁ : (Req + sz)
2
Rogs + 557, ) “(Req + Ry2) + |Req + Rya + jwLps|* - Re g

Ny = Re(ZblockQ)
* 7 Re(Zpiock2) + Ro + Reo

@n

where Zyjocke and Zg.. are the impedances of block 2 and
the secondary-side circuit. Similarly, on the primary side, 7,
equals to the product of 7,1, 1,2, and 7,3. In Fig. 5 (b), 7,1
is efficiency of block 4 and is given by the ratio of the real
power transferred to the secondary side circuit over the real
power going through block 4; 7, is the efficiency of block 5
and expressed as the ratio of the real power going through block
4 over the real power received by block 5; 7,3 is the efficiency
of block 6 and described as the ratio of the real power received
by block 5 over the real power sent by the power source. We
derive expressions of 1,1, 7,2, and 7,3 as (22) shown at bottom
of the next page where Z,.; is the reflected impedance from the
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secondary-side circuit and Zy,),.x5 is the impedance of block 5.
We can plot the efficiency over equivalent resistance curve by
applying (21) and (22) in Mathcad. By adjusting the inductance
values of Ly and Ly», the efficiency can be maximized at the
desired equivalent resistance. For our case, the desired output
power is 3.0 kW and the battery pack is 300 V; therefore, the
efficiency is maximized at 24.32 . Fig. 6 shows the efficiency
curve obtained from Mathcad and the desired inductance values
are determined as Ly = 46 pH and Lo = 38 puH.

D. Maxwell Simulation for Ly and Lo

As analyzed in the previous section, a unipolar compensated
coil is preferred in a coil structure with bipolar main coils.
In order to further decrease the coupling effects between the
main coil and the compensated coil, it is more desired to place
the compensated coil in the region with weaker magnetic field
densities. By substituting Ly and Ly, into (8) and (18), the
currents flowing through L; and L, can be determined and set
as the excitation currents in the Maxwell model. Vacuum boxes
are built up at the expected positions of the compensated coils,
which are shown in Fig. 7(a). Fig. 7(b) shows the simulation
results of magnetic flux densities in the vacuum boxes.

Clearly, the magnetic field is weaker in the central areas of the
two main coils, which are circled by the dashed lines in Fig. 7(b).
The compensated coils should be placed in those areas. With the
desired inductance values, the compensated coils are built and
simulated in ANSYS MAXWELL.

The compensated coils with the desired values are placed in
the system as shown in Fig. 8(a) and the coupling coefficient
k12 is 0.05, which is good enough for the experiment. How-
ever, it can be further optimized. Since Fig. 7(b) indicates alarger
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area with weaker magnetic flux density on the primary side, so
the primary compensated coil has enough area to be placed. By
rotating the primary compensated coil from 0° to 180° as shown
in Fig. 8(b), the lowest coupling case is achieved.

Fig. 9(a) shows the coupling coefficient k1o of the com-
pensated coils and the same-side coupling coefficients ki s and
ko ¢2. It is obvious that k1 o is minimized as 0.04 at 90° rotat-
ing angle while the same-side coupling coefficients are almost
equal to zero with the angle rotating. Fig. 9(b) demonstrates
that the self-inductance values of the two compensated coils
keep almost constant with the angle rotating.

E. Compensated Coil Winding and Measurement

With the parameters provided by MAXWELL simulation,
compensated coils are wound and measured. Again, in order
to make the resonate frequency at 85 kHz and the efficiency
maximized at the desired output power, capacitance values need
to be recalculated with the measured results of Ly, Ly, Ly,
and L, through (6), (7), (10), and (11). The capacitance values

‘RCfl‘i‘#

2
| [Rot + Ry + Re (Zeer)]

JwCip1

n o Re (Zrcfl) n o
pl — s p2 — 2
Re (Zeert) + Bor + Ba RCf1+jw]Cf1’ .
Re(ZblnckS
Mps = )

Re (Zyioexs) + Ry1

2
[Ret + Ry + Re (Zeewt)] + [Ry + R + jwla + 557 + Zet| - Repn

(22)
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calculated in this step only slightly vary from those calculated
in step 3. Therefore, the efficiency will not be affected.

F. Capacitor Tuning for Zero Voltage Switching (ZVS)

ZVS not only reduces the switching noise of the MOSFETS,
but also helps minimize the switching losses. In this paper, zero
voltage turning on of the MOSFETsS is achieved. We define
the instantaneous current value when MOSFETSs S; and S, are
turned off as Iopr. Iorr must

2C’OSS V;n,max

Iorr >
tdead

(23)
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TABLE I
SYSTEM SPECIFICATIONS

Spec/Parameters Design value
Input voltage 330V
Battery pack voltage 300V

600 mm x 450 mm x 4 mm
400 mm x 300 mm x 4 mm
640 mm x 496 mm x 8§ mm
480 mm x 352 mm x 8 mm
711 mm x 559 mm x 2 mm
508 mm x 406 mm x 2 mm

Primary main coil dimension
Secondary main coil dimension
Primary ferrite plate dimension
Secondary ferrite plate dimension
Primary shield dimension
Primary shield dimension

Air gap 150 mm
Main coupling coefficient 0.1877
Resonant frequency 85 kHz
Maximum output power 3.0kW

so that the current value is large enough to charge the parasitic
output capacitors of S} and S, and discharge the parasitic output
capacitors of Sy and S3 [14]. In (23), C\s is the parasitic output
capacitance of the MOSFET, V},, ,ax is the maximum value of
the input voltage, and £ 4., 1S the dead time. In this paper, 1200 V
C2M0025120D silicon carbide (SiC) Power MOSFETs from
CREE are used. Its output parasitic capacitance is approximately
400 pF, Vin max 18 330V, and t4eaq is 200 ns. Therefore, Iopp
should be larger than 1.32 A. During the dead time, the body
diodes of the MOSFETSs clamp the voltages over the parasitic
output capacitors. Therefore, the parasitic output capacitors of
S1 and S, are charged to input voltage value and the parasitic
output capacitors of Sy and S3 are discharged to almost 0 V.
So, when Sy and S5 are turned on right after the dead time, the
voltages across them are almost zero and zero voltage turning
on of Sy and S5 is achieved. Similarly, zero voltage turning on
of §; and Sy is achieved after half a cycle. Based on [14], the
capacitor Cs is the best choice to tune in order to achieve ZVS.
It is demonstrated that Cs is tuned to be 8—11% larger than the
calculated value of C in the last step. Once the previous six steps
are done, it is ready to build the wireless charging system and
conduct experiments. The design procedures can be summarized
in the flowchart as shown in Fig. 10. In particular, the two design
criterions of Ky, and k1 ¢ are the authors’ experienced values,
which are the worst cases to make the system work as well.

IV. EXPERIMENT

The system specifications are given in Table I. Since the res-
onant frequency is fixed at 85 kHz, AWG-38 copper wires are
selected to minimize the skin effect. The input voltage is 330 V,
the output battery pack voltage is 300 V, and the output power is
3.0 kW. Therefore, 800-strand AWG-38 litz wires are used. The
ferrite is Ferroxcube 3C95, which has outstanding performance
at frequencies below 500 kHz. Aluminum plates serve as the
electric shielding. The air gap is 150 mm due to the ground
clearance of passenger cars. Based on simulations results, the
main coils are built and compensated coils are integrated, which
are shown in Fig. 11(a) and (b). Fig. 11(c) presents the whole
wireless charging system. It shows that it is highly compact
with the compensated coil integrated into the system. The circuit
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Fig. 11.  Experiment setup of (a) coils on primary side, (b) coils on secondary
side, and (c) wireless charging system.

parameters are given in Table II. It is convinced that there are
only slight differences between the design values and the mea-
sured values.

Table III compares the simulated results and measured re-
sults of the six coupling coefficients in the wireless charging
